Adenosine 3': 5'-monophosphate (cyclic AMP) caused a decrease in the net rate of incorporation of radioactive phosphate into a specific protein (protein D) in a membrane fraction from toad bladder. Moreover, when the membrane protein was prelabeled with radioactive phosphate, cyclic AMP caused an increase in the net rate of removal of radioactive phosphate from this specific protein. Certain agents were shown to be selective inhibitors of membrane-bound protein D kinase or protein D phosphatase. With the help of these agents, it was concluded that cyclic AMP caused the activation of membrane-bound protein D phosphatase. The present data, together with earlier studies, are compatible with the possibility that the cyclic AMP-induced activation of a membrane-bound phosphoprotein phosphatase in toad bladder, with the consequent dephosphorylation of protein D, may be responsible for the physiological effects of antidiuretic hormone on sodium and/or water transport in this tissue.
with the consequent dephosphorylation of protein D, may be responsible for the physiological effects of antidiuretic hormone on sodium and/or water transport in this tissue.
Addition of antidiuretic hormone or monobutyryl cyclic AMP to preparations of intact toad bladder which had been preincubated with radioactive inorganic phosphate caused a decrease in the amount of radioactive phosphate present in a specific protein (protein D) in the toad bladder (1) . The decrease in the amount of phosphate present in protein D brought about by these agents in intact bladders slightly preceded the change in electrical potential difference (an indicator of the rate of sodium ion transport) observed in response to the same compounds. Addition of cyclic AMP to toad-bladder homogenates caused a decrease in the net phosphorylation of the same, or a similar, protein. This effect of cyclic AMP was most pronounced in those subcellular fractions of toad bladder rich in membrane fragments. The data were compatible with the possibility that regulation by antidiuretic hormone of sodium and/or of water permeability of the epithelial membrane of toad bladder might be mediated through regulation of the level of phosphorylation of protein D. It, therefore, seemed of importance to elucidate the mechanism by which cyclic AMP causes a decrease in the level of phosphorylation of protein D, and for that reason the present investigation was undertaken.
The ability of cyclic AMP to cause a decrease in net incorporation of radioactive phosphate into protein D could result either from a cyclic AMP-induced decrease in the activity of a protein D kinase, or from a cyclic AMP-induced increase in the activity of a protein D phosphatase, or both.
In. an effort to distinguish among these possibilities, we have searched for and found selective inhibitors of protein D kinase (adenosine; EDTA) and of protein D phosphatase (ZnCl2), and have used these inhibitors to determine whether 1831 the effects of cyclic AMP on the amount of protein D phosphate would be reduced or abolished by either class of inhibitor. Our results indicate that cyclic AMP causes an increase in the activity of membrane-bound protein D phosphatase, and can account, at least partially, for the effect of cyclic AMP and of antidiuretic hormone on the amount of protein D phosphate in preparations of intact toad bladder.
METHODS
Toads, Bufo marinus, were obtained from South America through Tarpon Zoo (Tarpon Springs, Fla.), and maintained at 250 on damp bedding. Bladders were excised (2) from doubly-pithed toads and placed in Ringers solution [112 mM NaCl-2.5 mM KHCOr1 mM CaCk-2 mM glucose (pH 7.8)1.
Scrapings of toad-bladder mucosal epithelium (1) were homogenized in 6-8 volumes of 0.32 M sucrose in a 40-ml glass homogenizer with a Teflon pestle of 0.15-mm clearance at 900 rpm (10-15 strokes). The connective tissue was removed by centrifugation at 400 g for 1 min, and the supernatant was used directly in experiments involving toadbladder epithelial homogenates. The microsomal subfraction, rich in membrane fragments, was prepared from homogenates by differential centrifugation as follows. The nuclear fraction, obtained by centrifugation of the homogenate at 900 X g for 10 min was washed twice with 0.32 M sucrose. From the combined supernatants, a crude mitochondrial fraction was obtained by centrifugation at 11,500 X g for 10 min, and the mitochondrial pellet was washed twice with 0.32 M sucrose. The microsomal subfraction was then obtained by centrifugation of the postmitochondrial fraction (combined supernatants) at 100,000 X g for 60 min. The microsomal pellet was washed once with 0.32 M sucrose and suspended in 0.32 M sucrose. This preparation, which appears to consist of microsomes and membrane fragments (1) , is the preparation referred to as the toad-bladder membrane fraction in the experiments described.
The standard reaction mixture used for studying phosphorylation and dephosphorylation of protein D contained 50 mM sodium acetate buffer (pH 6.2), 10 [,y-32P ]ATP remaining in the standard reaction mixture (0.2 ml) at various time intervals was determined by terminating the reaction with 4 ml of cold 20% trichloracetic acid, followed by centrifugation of the sample for 10 min at 900 X g. The supernatant was removed and neutralized with 0.1 N NaOH. [7-32P] ATP was isolated by thin-layer chromatography (6) , and the radioactivity was determined by liquid scintillation counting.
Proc. Nat. Acad. Sci. USA 70 (1973) (Fig. 2) and in microsomal fractions (Figs. 3 and 4) . Therefore, this effect of cyclic AMP is attributable to a stimulation of protein D phosphatase activity rather than to an inhibition of protein D kinase activity. This conclusion was supported by studies The toad-bladder membrane fraction was prepared as described in Methods. Other experimental details were the same as described in the legend to Fig. 2 , except for the use of the membrane fraction (containing 3 mg of protein) rather than of the whole homogenate in the incubation mixture. The symbols for adenosine, EDTA, and cyclic AMP are identical to those used in Fig. 2 Adenosine (1 mM) and EDTA (50 mM) caused an almost complete inhibition of the net rate of incorporation of phosphate into protein D (Fig. 1) , while having little or no effect on the removal of phosphate from protein D (Figs. 2-4) . (Fig. 1) , but also in the presence of cyclic AMP. In contrast to the strong inhibition of protein D kinase activity caused by adenosine and EDTA, these agents had only slight effects on protein D phosphatase activity, either in the absence or presence of cyclic AMP. Adenosine (1 mM) caused a slight increase in the net rate of removal of [32P]phosphate from protein D, in homogenates (Fig. 2) and in membrane fractions (Fig. 3) , both in the absence and in the presence of cyclic AMP. This small effect of adenosine may be attributable to inhibition of the slight amount of phosphate incorporation still occurring at that time. The increase in the rate of removal of radioactive phosphate from protein D, due to cyclic AMP, was virtually unaffected by the presence of adenosine. EDTA (50 mM) caused a slight decrease in the net rate of removal of [32P]phosphate from protein D, in homogenates (Fig. 2) and in membrane fractions (Fig. 3) , both in the absence and in the presence of cyclic AMP. This small effect of EDTA is probably attributable to a slight inhibition of protein D phosphatase activity, since we have found in other experiments that Mg++ causes a slight stimulation of casein phosphatase activity of toad-bladder membrane.
When a large amount of nonradioactive ATP was added after 2 (Fig. 4) . Moreover, the combination of ATP plus EDTA (each of which should have abolished any residual incorporation of [32P]_ phosphate into protein D still occurring after 2 min of preincubation) did not significantly reduce the stimulatory effect of cyclic AMP on the dephosphorylation of protein D in membrane fractions (Fig. 4) .
Preincubation of toad-bladder membrane fraction, in the absence of cyclic AMP, under standard conditions except for the substitution of 10 mM ZnCl2 for 10 mM magnesium acetate, led to a net rate of incorporation of radioactive phosphate into protein D greater than that observed under standard incubation conditions (Fig. 1) The stimulatory effect of cyclic AMP on the rate of dephosphorylation of protein D was abolished by ZnC12, both in the absence (Fig. 5A ) and presence (Fig. 5B ) of nonradioactive ATP (1 mM). If EDTA was added after 2 min of preincubation to remove free Zn++ from the incubation mixture, removal of [32P]phosphate from protein D was again observed and the cyclic AMP stimulation of this dephosphorylation was restored, both in the absence (Fig. 5A) and presence ( Fig. 5B ) of 1 mM ATP.
We observed in experiments with membrane fractions (compare Figs. 3 and 4 ; also Fig. 5A and B) (Fig. 4) .
Other results compatible with the conclusion that cyclic AMP causes activation of protein D phosphatase were obtained in experiments in which an inhibitor of protein D phosphatase was used. Thus, cyclic AMP did not stimulate the removal of [32P]phosphate from protein D when protein D phosphatase activity was inhibited by ZnCl2. Moreover, the removal of the Zn++-induced inhibition of protein D phosphatase by the addition of EDTA restored the ability of cyclic AMP to stimulate the dephosphorylation of protein D.
The present results do not exclude the possibility that the decreased net phosphorylation of protein D observed in the presence of cyclic AMP may also be due in part to an inhibition of protein D kinase activity. Miyamoto et al. (7) reported that the stimulatory effect of cyclic AMP on phosphorylation of histone by a purified cyclic AMP-dependent protein kinase from bovine brain was converted, in the presence of Zn + or Ca++, into an inhibitory effect. The inhibitory effect of cyclic AMP on this purified brain enzyme, observed in the presence of Zn++, is attributable to an inhibition of the protein kinase activity of the preparation, and not due to stimulation of a phosphoprotein phosphatase contaminant.* Similarly, in the presence of Zn++, cyclic AMP inhibits the endogenous activity of membrane-bound protein kinase present in a synaptic membrane fraction from rat cerebrum, * as well as inhibits the endogenous protein D kinase activity present in the toadbladder membrane (R. J. DeLorenzo and P. Greengard, unpublished experiments). It therefore seems possible that, under physiological conditions, cyclic AMP might, in addition to its stimulatory action on protein D phosphatase, also inhibit the activity of protein D kinase.
Further investigation will be necessary to determine the molecular mechanism by which cyclic AMP causes activation of protein D phosphatase. The effect of cyclic AMP might be a direct one on phosphoprotein phosphatase itself. Another possibility is that cyclic AMP activates a protein D phosphatase kinase, leading to phosphorylation and activation of protein D phosphatase. Such a mechanism would be consistent with the general theory (10) that the diverse effects of cyclic AMP are mediated through regulation of the activity of protein kinases. Still a third possibility is that cyclic AMP causes an increased availability of protein D to protein D phosphatase. The use of model substrates, such as [3?p] casein and [32P]histone, may help to elucidate the detailed mechanism by which cyclic AMP can stimulate membranebound phosphoprotein phosphatase activity.
Evidence has been presented suggesting that cyclic AMP may cause the inactivation of soluble phosphorylase phosphatase in bovine-adrenal cortex (11) and pigeon-breast muscle (12) : ATP, in the absence of Mg++, caused inactivation of the enzyme; ATP plus Mg++ caused activation of the enzyme; cyclic AMP plus ATP plus Mg+ + caused inactivation of the enzyme. It is not at all clear whether there is any relationship between inactivation of soluble phosphorylase phosphatase and activation of membrane-bound phosphoprotein phosphatase.
The evidence obtained in the present study, indicating an activation by cyclic AMP of a membrane-bound phosphoprotein phosphatase in toad bladder, has led us to examine other biological membranes for the possible occurrence of a similar phenomenon. Using a subcellular fraction of rat cerebrum rich in synaptic membranes (13) , it has been found* that cyclic AMP can, under certain experimental conditions, increase the rate of removal of radioactive phosphate from a membrane-bound substrate protein (designated protein II) through an increase in the activity of a membrane-bound phosphoprotein phosphatase. The stimulation. by cyclic AMP of protein D phosphatase activity in toad-bladder membrane and of protein II phosphatase activity in synaptic membrane suggests that phosphoprotein phosphatase activation by cyclic AMP may be a fairly widespread phenomenon.
